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We derive present constraints on, and prospective sensitivity to, the electric dipole moment (EDM) of the 
top quark (dt ) implied by searches for the EDMs of the electron and nucleons. Above the electroweak 
scale v , the dt arises from two gauge invariant operators generated at a scale   v that also mix 
with the light fermion EDMs under renormalization group evolution at two-loop order. Bounds on the 
EDMs of ﬁrst generation fermion systems thus imply bounds on |dt |. Working in the leading log-squared 
approximation, we ﬁnd that the present upper bound on |dt | is 10−19 e cm for  = 1 TeV, except in 
regions of ﬁnely tuned cancellations that allow for |dt | to be up to ﬁfty times larger. Future de and dn
probes may yield an order of magnitude increase in dt sensitivity, while inclusion of a prospective proton 
EDM search may lead to an additional increase in reach.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The search for physics beyond the Standard Model (BSM) lies 
at the forefront of both high- and low-energy physics. The proper-
ties of the top quark constitute a particularly interesting meeting 
ground for the two regimes. Theoretically, top quarks may provide 
a unique window into BSM physics, given that the top Yukawa cou-
pling is large compared to all other Standard Model (SM) fermions. 
Experimentally, top quarks can be copiously produced in high en-
ergy proton–proton collisions, while their indirect effects – gener-
ated via quantum loops – can be pronounced. Indeed, the break-
ing of custodial SU(2) symmetry by the top quark-bottom quark 
mass splitting has a signiﬁcant impact on the interpretation of 
electroweak precision tests at the loop level. This sensitivity pro-
vided an early handle on the value of the top quark mass and, 
after the discovery of the top quark, an important test of the self-
consistency of the SM at the level of quantum corrections.
The CP property of top quark interactions is a topic of on-going 
interest. In the context of electroweak baryogenesis (EWBG) [1], 
CP-violating (CPV) interactions of the top quark with an extended 
scalar sector can yield the observed cosmic baryon asymmetry 
[2–7]. The presence of BSM CPV in the top quark sector may also 
appear in the guise of a top electric dipole moments (EDM) and 
chromo-electric dipole moment (CEDM), two of a number of pos-
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SCOAP3.sible higher dimension top quark operators. Since the top (C)EDM 
is chirality changing, it can be signiﬁcantly enhanced compared to 
light fermion (C)EDMs by the large top Yukawa coupling.
While direct collider probes of the (C)EDM have been studied 
extensively [8–27], a complementary way to access the top EDM 
(dt ) and CEDM (d˜t ) is through their indirect effects, such as the 
resulting, radiatively-induced light fermion EDMs. This possibility 
has been explored in several studies [28–31]. The most powerful 
limit on dt appears to result from the limit on the EDM of the 
electron |de| < 8.7 × 10−29 e cm (90% C.L.) [32] (see also the re-
cent result using HfF+ , |de| < 1.3 × 10−28 e cm (90% C.L.) [33]), 
implying |dt | < 5.0 × 10−20 e cm (90% C.L.) [30,31].
In this study, we focus on dt . If it is generated by BSM physics 
at a scale  that lies well above the electroweak scale v =
246 GeV, then it is likely that two dimension-six CPV dipole oper-
ators emerge, coupling respectively to the U(1)Y and SU(2)L gauge 
bosons. We henceforth denote these operators as OtB and OtW , re-
spectively. Denoting their coeﬃcients as CtB(W )/2, we note that 
the presence of CPV implies that the dimensionless Wilson coeﬃ-
cients CtB(W ) are, in general, complex. After electroweak symmetry 
breaking (EWSB), one linear combination yields dt at tree-level. 
The operators OtB and OtW will also radiatively generate all other 
light fermion EDMs at two-loop order. Bounds on de as well as 
on the neutron EDM, dn , then yield (in principle) complementary 
constraints on CtB(W ) , with corresponding implications for dt .
In what follows, we perform an explicit two-loop computation 
of the light fermion EDMs induced by OtB(W ) , retaining the leading 
ln2(/v) contributions. After translating the light quark EDMs into 
dn , we derive constraints on the CtB(W )/2, along with the corre- under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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tron EDM bounds. We will make no a priori assumptions about the 
relationships between the CtB and CtW at the scale , endeavor-
ing to be as model-independent as possible. In these respects, our 
analysis complements the earlier studies in Refs. [28–31]. In this 
context, we also ﬁnd that there exist regions where cancellations 
between these two operators can considerably weaken the generic 
constraints, albeit with some degree of ﬁne-tuning. Looking ahead, 
we illustrate the potential reach of next generation electron and 
nucleon EDM searches.
2. Effective operators
To set the conventions for our analysis, we start with the CPV 
effective Lagrangian generated by BSM physics at the scale 
[30,31]:
Leff = − 1
2
∑
f=e,u,d,t
(
g1√
2
C f BO f B + g2√
2
C f WO f W + h.c.
)
+ 1
2
∑
X=B,W
CH X˜OH X˜
+ 1
2
∑
F=L,Q , f=e,d,t
(
C (i)F f F ′ f ′O
(i)
F f F ′ f ′ + h.c.
)
, (1)
where the ﬁrst line indicates the dipole operators
OeB = L¯σμνeR HBμν,
OeW = L¯σμνeRτ AHW Aμν,
OtB = Q¯ σμνtR H˜ Bμν,
OtW = Q¯ σμνtRτ A H˜W Aμν. (2)
The second and third lines represent gauge-Higgs and 4-fermi op-
erators
OH B˜ = g21H†H B˜μν Bμν,
OHW˜ = g22H†HW˜ AμνW Aμν,
OHW˜ B = g1g2H†τ AHW˜ Aμν Bμν, (3)
and
O(3)eqt = (L¯aσμνeR)ab(Q¯ bσμνtR),
O(1)qtqd = (Q¯ atR)ab(Q¯ bdR),
O(8)qtqd = (Q¯ aτ AtR)ab(Q¯ bτ AdR). (4)
Here, L and Q are the lepton and quark doublets, eR (tR) is the 
right-handed electron (top quark), τ A is the Pauli matrix, and 
H is the Higgs doublet with H˜ = iτ 2H∗; Bμν and W Aμν are the 
U(1)Y and SU(2)L ﬁeld strengths, respectively; and g1 and g2 rep-
resent their gauge couplings; X˜ is deﬁned as μναβ Xαβ/2; a and 
b are the SU(2)L indices. The dipole operators for the up (down) 
quark OuB,uW (OdB,dW ) are also given by the same structure as 
OtB,tW (OeB,eW ). For a listing of the complete set of dimension-
six CPV operators, see, e.g., [34,35]. The operators that we employ 
here are listed in [35].
After EWSB, the dipole operators in Eq. (1) produce the EDMs
Leff  − i2
∑
f=e,u,d,t
d f f¯ σ
μνγ5 f Fμν, (5)
with Fμν being the photon ﬁeld strength tensor. The coupling d f
is related to the Wilson coeﬃcients of the operatorsde(d) = ev
2
{
Im(Ce(d)B) − Im(Ce(d)W )
}
,
dt(u) = ev
2
{
Im(Ct(u)B) + Im(Ct(u)W )
}
. (6)
The opposite relative sign between the C f B and C f W for up- and 
down-type fermions is due to their isospin projection quantum 
numbers. To facilitate comparison with the experimental EDM lim-
its, it is useful to express a factor of ev/2 with units of fm1
ev
2
= e
v
( v

)2  (7.8× 10−4 e fm)( v

)2
. (7)
In addition to the bounds on |de | quoted above,2 we consider 
the constrains implied by the light-quark contributions to dn ,3
whose experimental limit is |dn| < 3.0 × 10−26 e cm (90% C.L.)
[37]. As we discuss below, the de-contributions from OtB and 
OtW may cancel in some ﬁnely-tuned portions of parameter space. 
Inclusion of the dn constraints may provide a complementary 
probe of this “cancellation region”. Outside of this region, present 
EDM limits imply an upper bound on |dt |  10−19 e cm, de-
pending on the value of . Looking to the future, next gener-
ation EDM searches may reach the levels of sensitivity: |de| <
1.0 × 10−29 e cm and |dn| < 3.0 × 10−28 e cm [38], implying an 
order of magnitude increase in the sensitivity to dt . In addition, 
efforts are underway to develop storage ring proton EDM search 
with sensitivity 10−29 e cm [39]. For the scenario considered here, 
the constraints from diamagnetic atom EDM searches, such as that 
of the 199Hg atom [40] can be comparable to those from dn . Al-
though the latest 199Hg result yields an upper bound on |dn| that 
is roughly two times stronger than the direct limit, we expect the 
latter to become considerably more stringent with the next gener-
ation experiments. Consequently, we will use the direct dn bounds 
in what follows.
3. Loop calculations
The existence of the top quark dipole operators in Eq. (1) at a 
renormalization scale μ =  will lead to non-vanishing electron 
and light-quark dipole operators through the two-loop Barr-Zee 
diagrams of Fig. 1. This effect corresponds to the electroweak op-
erator mixing in the renormalization group evolution (RGE) from 
 to v , thereby relating the Wilson coeﬃcients of the electron 
and light quark dipole operators at the EW scale to CtB () and 
CtW (). Below the scale v , we integrate out the heavy SM de-
grees of freedom (t , W , Z , and h), and the dominant contributions 
when running to the low-energy scale relevant to experiment in-
volve SU(3)C interactions. The upper two diagrams induce the up 
quark EDM, the lower two diagrams yield the electron and down 
quark EDMs. This assignment can be understood by considering 
which Higgs ﬁeld is chosen as an external particle. Each diagram 
has two opposite fermion ﬂows (corresponding to distinct Wick 
contractions), as well as topologies involving crossing of the scalar 
and gauge boson lines.
In addition to the overall logarithmic divergence associated 
with these diagrams, logarithmically divergent one-loop sub-
graphs associated with the upper and lower loops in Fig. 1 cor-
respond to mixing between OtB,W and OH B˜,W˜ ,W˜ B and O(3,1,8)eqt,qtqd , 
1 Since our deﬁnitions of the dipole operators are accompanied with a factor of 
1/
√
2, the coeﬃcient of ev/2 becomes smaller than that in [36].
2 The limit is obtained by assuming that the ThO EDM does not receive a contri-
bution from semileptonic four-fermion interactions.
3 Although the EDM of the strange quark and chromo EDMs also contribute to 
the neutron EDM, we do not include them, here.
494 K. Fuyuto, M. Ramsey-Musolf / Physics Letters B 781 (2018) 492–498Fig. 1. The Barr-Zee diagrams induced by the dipole operator of the top quark. The 
circled cross mark denotes the top quark dipole operator, and the other wavy lines 
correspond to the gauge ﬁelds B or W A . While the upper two diagrams lead to the 
dipole operator of the up quark, the lower diagrams yield those of the electron and 
down quark. The “+ · · · ” indicate additional topologies that contribute to the light 
fermion EDMs.
Fig. 2. The one-loop diagrams with the counter terms for the upper and lower loops 
in the Barr-Zee diagrams of Fig. 1. The shaded circle and square imply their counter 
terms.
respectively. Consequently, one must include the counter terms as-
sociated with these operators, as shown in Fig. 2. We note that 
the right diagram in Fig. 2 results from only the subgraph in the 
lower right diagram of Fig. 1, because only this subgraph has a 
divergence.
We perform the computation using dimensional regularization 
in d = 4 −  dimensions and renormalization in the minimal sub-
traction (MS) scheme. For purposes of this analysis, wherein we 
seek to obtain the order of magnitude constraints on CtB(W )(), it 
is useful to observe that the EW running yields an enhancement 
factor of ln2(/v), as well as sub-dominant ln(/v) terms. The 
anomalous dimension associated with the latter is renormalization 
scheme-dependent and introduce an additional dependence on the 
Wilson coeﬃcients CHW˜ , etc.. Here, we retain only the leading ln
2
contributions originating from 1/2 terms, deferring a treatment of 
the sub-leading log terms to a future publication [41]. (For analo-
gous ln2 contributions in other contexts, see, e.g. Refs. [42–46].)
In the leading ln2-approximation, the resulting Wilson coeﬃ-
cients for the light fermion ( f = e, u, d) dipole operators at the 
scale v are
C f B(v) = −12
(
A f CtB + B f CtW
)
ln2
(

v
)
,
C f W (v) = −12
(
D f CtB + E f CtW
)
ln2
(

v
)
, (8)
where we assume that C f B, f W () = 0. The coeﬃcients of A f , B f , 
D f and E f for f = e and d are given by
A f = Y f
[
− 12 (Y F + Y f ) (YQ + Yt) g21 + 3g22
]
,
B f = Y f 12
(
YQ + Yt
)
g22,
D f = Y f 4
(
Y F + Y f
)
g21,E f = Y f
[
4
(
Y F + Y f
) (
YQ + Yt
)
g21 − 5g22
]
, (9)
where F = L or Q for f = e or d. These of the up quark are given 
by
Au = −Yu
[
8
(
YQ + Yu
) (
YQ + Yt
)
g21 + 3g22
]
,
Bu = −Yu 6
(
YQ + Yt
)
g22,
Du = −Yu 2
(
YQ + Yu
)
g21,
Eu = −Yu
[
4
(
YQ + Yu
) (
YQ + Yt
)
g21 + 2g22
]
, (10)
where Y f = NC y f yt/(4π)4 with NC = 3 and the hyper charges 
YL = −1/2, Ye = −1, YQ = 1/6, Yt(u) = 2/3 and Yd = −1/3. Ye
is roughly an order of magnitude smaller than Yu,d due to the 
Yukawa coupling. Our results are in agreement with those implied 
by general RGE considerations and the one-loop anomalous dimen-
sion given in Refs. [47,48].4,5
Using these results, it is straightforward to obtain the light 
fermion EDMs as deﬁned in Eq. (6):
de(d) = − e2v
( v

)2
ln2
(

v
)
×
[(
Ae(d) − De(d)
)
Im(CtB) +
(
Be(d) − Ee(d)
)
Im(CtW )
]
du = − e
2v
( v

)2
ln2
(

v
)
×
[
(Au + Du) Im(CtB) + (Bu + Eu) Im(CtW )
]
. (11)
In general, the d f depend more strongly on Im(CtW ) than on 
Im(CtB), a feature due in part to the dependence on g2. Speciﬁ-
cally, the Im(CtB ) contribution depends on g22 comes from only A f , 
while both B f and E f contain g22 contributions. The dependence 
on  comes from (v/)2 and log2(/v) factors. When translat-
ing the limits on de(n) into bounds on |dt |, the (v/)2-dependence 
that is common to all EDMs. To assess the impact of the re-
maining logarithmic dependence, in our numerical analyses we 
consider two benchmark choices:  = 1 and 10 TeV. The ratio 
ln2( = 1 TeV/v)/ ln2( = 10 TeV/v) is about 0.14.
For the light quark EDMs, we take into account the QCD con-
tributions to their evolution from the EW scale to the low-energy 
scale [44,49–53]. As clearly discussed in [51], the effect suppresses 
the dipole operators at the low-energy. We choose the low-energy 
scale had = 2 GeV in order to match onto the lattice QCD com-
putation of the resulting neutron EDM given in [54,55]. We obtain 
dq(had) = 0.85dq(v).
4. Results
It is useful to consider the constraints on (v/)2Im(CtB(W ))
since the EDM deﬁnitions absorb the leading (v/)2 factor is 
noted above. The present and prospective bounds are shown in 
Figs. 3–6. In addition to considering the two benchmark choices 
for , we also consider two cases, corresponding to Im(CtB) and 
Im(CtW ) having the same (positive) sign or opposite sign. The lat-
ter exhibits the possibility of ﬁnely-tuned cancellations.
4 We thank Adrian Signer for useful discussions on this point.
5 For analogous discussions regarding the relationship between the coeﬃcient of 
the two-loop ln2 terms and products of two one-loop anomalous dimensions see 
Refs. [42,43].
K. Fuyuto, M. Ramsey-Musolf / Physics Letters B 781 (2018) 492–498 495Fig. 3. Excluded regions of (v/)2Im(CtB ) and (v/)2Im(CtW ) by the EDMs 
of the electron (blue) and neutron (green). The new physics scale is taken at 
1 (10) TeV in the upper (lower) ﬁgure. The black lines are the top EDM, |dt | =
1.0 × 10−18, 10−19 10−20 and 10−21 e cm, from top to bottom. (For interpreta-
tion of the colors in the ﬁgure(s), the reader is referred to the web version of this 
article.)
Fig. 3 shows the present constraints for the same sign case for 
the two different benchmark choices for . The blue and green 
shaded regions are excluded by the limits in de and dn , respec-
tively. The black contours represent values of constant top quark 
EDM. For  = 1 (10) TeV, we ﬁnd that |dt |  6.5 × 10−20 (9.3 ×
10−21) e cm in the limit of Im(CtW ) = 0. Note that the maxi-
mum value for  = 10 TeV is roughly 0.14 times smaller than 
for  = 1 TeV, as expected from the ln2 dependence on (v/)2. 
We observe that our upper bound for  = 1 TeV is somewhat 
larger than obtained by the authors of Ref. [30,31], who assumed 
in their numerical analysis that only Im(CtB), corresponding to a 
non-vanishing dt , exists at the scale . Indeed, we have veriﬁed 
that in the limit Im (CtW ) = 0, our expression for de agrees with 
that of [30]. Additional small numerical differences arise from the Fig. 4. Excluded regions with the future sensitivities of |dn| = 3.0 × 10−28 e cm
(green) and |de | = 1.0 × 10−29 e cm (blue). The upper (lower) ﬁgure takes  =
1 (10) TeV. The orange line represents the proton EDM of |dp | = 1.0 × 10−29 e cm.
choice of the lower scale for the RGE and gauge coupling running. 
Here, we run from  to v , whereas the RGEs in Refs. [30,31] are 
evolved down to the top mass scale. Moreover, we neglect the ef-
fect of gauge coupling running that was included in Refs. [30,31].
The prospective impact of future EDM searches is illustrated in 
Fig. 4, where we assume 90% C.L. limits of |dn| = 3.0 × 10−28 e cm
and |de| = 1.0 × 10−29 e cm. For the same sign case, we see that 
the prospective constraint from de would still be stronger than 
from dn . Naïvely, one would expect the impact of future exper-
iments with these sensitivities to be comparable, since the light 
fermion EDMs scale linear with the fermion masses and the ra-
tio of the light quark and electron EDMs is roughly a factor of ten. 
The somewhat stronger de sensitivity results from a factor of 3 dif-
ference in the future sensitivities and the suppression of the light 
quark EDMs due to the QCD evolution from the weak to hadronic 
scales. The resulting prospective bound on dt for  = 1 (10) TeV 
496 K. Fuyuto, M. Ramsey-Musolf / Physics Letters B 781 (2018) 492–498Fig. 5. Excluded regions of (v/)2Im(CtB ) and −(v/)2Im(CtW ) by the electron 
(blue) and neutron (green) EDMs. The upper (lower) ﬁgure takes  = 1 (10) TeV.
is |dt |  7.5 × 10−21 (1.0 × 10−21) e cm. We also include the 
possibility of a future proton EDM search, with sensitivity |dp | =
1.0 × 10−29 e cm indicated by the orange contour. Should a search 
with this sensitivity be realized, a factor of two could be improved.
Next, we consider the opposite sign case, with present and 
prospective constraints indicated in Figs. 5 and 6, respectively. 
Here, the situation is more subtle than for the same sign case, 
as there exist regions where cancellations between Im(CtB) and 
Im(CtW ) can lead to the absence of any constraint from de . The 
present dn bounds are not yet suﬃciently strong to probe this 
“cancellation region” for dt  10−18 (19) e cm for  = 1 (10) TeV. 
Although the existence of this loophole admittedly requires a de-
gree of ﬁne tuning, a similar possibility of canceling contribu-
tions has been noted elsewhere in the case of the minimal super-
symmetric SM and proposed as a possible solution to the “SUSY 
CP problem” [56–59]. Outside of this region, the present upper 
bound on dt is the same as for the same sign case. As seen in Fig. 6. Excluded regions by the EDMs of the electron (blue) and neutron (green) 
with the future sensitivities. The upper (lower) ﬁgure takes  = 1 (10) TeV. The 
proton EDM of |dp | = 1.0 × 10−29 e cm is drawn by the orange line.
Table 1
Limits on |dt | at  = 1 TeV applied to both same and opposite 
sign cases except for the cancellation region. The constraints for 
 = 10 TeV are roughly 0.14 times smaller.
Present (de, dn) |dt | 6.5× 10−20 e cm
Future (de, dn) |dt | 7.5× 10−21 e cm
Future (de, dn, dp) |dt | 3.2× 10−21 e cm
Fig. 6, the future bound of dn closes the loophole and yields of 
|dt |  1.0 ×10−19 (20) e cm for  = 1 (10) TeV. On the other hand, 
the electron EDM with the future sensitivity plays a complemen-
tary role that covers the region where |dn| = 0. The prospective, 
future proton EDM experiment gives a sensitivity to dt with a sim-
ilar order of magnitude, perhaps increasing the reach by factor of 
two. We summarize the present and future limits on dt in Tables 1
and 2.
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Limits on |dt | at  = 1 TeV associated with the cancellation region.
Present (de, dn) |dt | 3.5× 10−18 e cm
Future (de, dn) |dt | 5.0× 10−20 e cm
Future (de, dn, dp) |dt | 2.5× 10−20 e cm
We ﬁnally comment on other constraints. As discussed in 
Ref. [29], the top EDM can also induce b → sγ process through 
weak interactions at 1 loop level. Precise measurement of the 
branching ratio of the process constrains a combination of the top 
EDM and magnetic dipole moment. The restriction can roughly be 
interpreted as |dt |  O (1) × 10−17 e cm, which is weaker than the 
current limits implied by the electron and neutron EDMs. If we 
assume that additional CPV operators are present at , they can 
also generate dt through mixing. In such a case, collider signals as-
sociated with the top decays, as well as the b → sγ process, can 
provide important probes. For the details of global analysis, see 
Refs. [30,31].
5. Conclusion and discussions
Due to its sizable Yukawa coupling, the top quark provides one 
of the most powerful windows into BSM physics. The top quark 
EDM is particularly interesting because it is sensitive to possi-
ble new sources of CPV and because one generally expects it to 
be enhanced relative to the light fermion EDMs by the ratio of 
the respective Yukawa couplings. Above the EW scale v , the top 
EDM originates from two gauge-invariant operators, OtB and OtW , 
that appear at the BSM scale . These operators also induce light 
fermion EDMs at the two-loop level. Consequently, the stringent 
bounds on systems involving ﬁrst generation fermion EDMs, in-
cluding paramagnetic atoms and polar molecules, neutrons, and 
diamagnetic atoms, imply strong constraints on OtB and OtW . By 
combining the results from these systems involving light fermions, 
one obtains tight bounds on dt . The prospects for obtaining even 
greater sensitivity with future EDM experiments are promising.
The resulting present constraints and prospective sensitivi-
ties indicated in Tables 1 and 2 imply that |dt | is smaller than 
∼ 10−19 e cm, except in the presence of ﬁnely tuned cancellations 
between OtB and OtW , allowing for a top EDM up to ∼ 50 times 
larger. Next generation searches for the EDMs of the electron and 
neutron could yield up to a factor of ten increase in sensitivity, 
while a storage ring search for the proton EDM with sensitivity 
|dp| ∼ 10−29 e cm could lead to an additional sensitivity increase. 
To the best of our knowledge, the dt -reach of these experiments 
will exceed those of direct probes at the LHC.
Given these prospective sensitivities, it is important to bear in 
mind the opportunities for reﬁned theoretical computations. In this 
work we have retained only the leading log-squared contribution 
to the RGE of OtB and OtW from  to v . Assessing the im-
pact of sub-leading logarithmic contributions requires evaluation 
of the bona ﬁde two-loop anomalous dimension matrix, associated 
with the 1/ terms in the two-loop calculation. These contribu-
tions will be analyzed in a forthcoming publication [41]. From the 
low-energy perspective, there exists room for reﬁnements of the 
dn computations. While the uncertainties associated with the up-
and down-quark EDMs enter at the 10% level [54,55], those asso-
ciated with the strange quark (not included in our study here) are 
considerably larger [54,55]. In addition, BSM scenarios that induce 
OtB and OtW may also give rise to the corresponding CPV glu-
onic operators (CEDMs), a topic for which the phenomenology is 
considerably richer and the theoretical hadronic and nuclear un-
certainties correspondingly more challenging. In that context, the 
interplay with LHC and future collider probes may be particularly 
enlightening.Acknowledgements
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